Degeneration is the process whereby Clostridium acetobutylicum ATCC 824 loses the capacity to produce acetone and butanol after repeated vegetative transfers or in continuous culture. Two degenerate mutants (M5 and DG1) of C. acetobutylicum ATCC 824 do not contain the four genes (ctfA, ctfB, adc, and aad) for acetone and butanol formation. Strain ATCC 824 contains a 210-kb plasmid (pSOL1) which is absent in M5 and DG1. pSOL1 carries the four acetone and butanol formation genes. A restriction map of pSOL1 was constructed by using ApaI, SmaI, SstII, and NarI digestions. M5 and DG1 could be complemented for acetone and butanol formation by expressing the corresponding genes (ctfA, ctfB, and adc for acetone; aad for butanol) on the plasmid. Degeneration of this strain thus appears to be the result of pSOL1 loss.
The American Heritage Dictionary defines the term "degenerate" as "having fallen or descended to a state below what is considered normal or desirable." Within the solventogenic clostridial community, the term "degenerate" is used to describe mutants which have one common trait, namely, that they produce more acids (butyrate and acetate) and little or no solvents (butanol, acetone, and ethanol). Degeneracy as applied to solventogenic clostridia appears to have no implications about the nature or origin of the mutation(s).
It has long been observed that upon serial subculturing or in continuous culture, solventogenic clostridia undergo a degenerative process which affects both morphological and physiological features and leads to mutant strains with impaired solvent formation capabilities (14) . Weizmann's original strain of Clostridium acetobutylicum was found (20) to degenerate after 10 to 20 transfers when the transfers were made during the acidogenic phase of the fermentation. Solvent formation before the 50th transfer dropped to 0.5 to 2.0% of the starch fermented, and the spore formation capability was almost completely abolished. Attempts to recover "normal" solvent-producing strains from degenerate strains by culture with growth factors and various salts and by inducing sporulation were only partially successful. However, when transfers were made following sporulation and heat shocking, a solvent yield of 24.7% was retained after 150 transfers (more than 2 years).
Jones et al. observed that certain morphological and cytological changes, which could be correlated with growth and physiological changes, occurred in C. acetobutylicum P262 during solvent production (13) . The number of swollen, cigarshaped clostridial forms could be directly correlated with the production of solvents. Initiation of solvent production and clostridial-stage formation are essential for sporulation in different Clostridium species (12, 18) . Thus, degenerate mutants would be expected to be asporogenous. However, the existence of an asporogenous strain which is a good solvent producer (17) should be noted, because it demonstrates that degeneracy (assumed here to imply impaired solvent formation ability) is not necessarily equivalent to an inability to form spores.
There has been an increased interest recently in mutants deficient in solvent formation (the so-called degenerate mutants), because complementation of these mutants provides the strongest possible evidence for the physiological role of novel genes which are related to solvent formation (27) . Only a few degenerate mutants have been characterized in terms of in vitro enzymatic activities. The C. acetobutylicum ATCC 824 mutant M5 (4), wherein the three inducible enzymes butyraldehyde dehydrogenase (BYDH), acetoacetate decarboxylase (AADC), and acetoacetyl-coenzyme A:acetate/butyrate:coenzyme A-transferase (CoAT) are not detectable in vitro (4, 29) , and consequently butanol and acetone are not produced, was isolated by N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG) mutagenesis. The spontaneous mutant DG1 (25) , which lacks in vitro AADC (36) and BYDH activities (25) and does not produce butanol or acetone, was obtained through serial subculturing of strain ATCC 824 for several generations. Mutant M5 has been complemented for acetone (23) and butanol (27) formation by being made to express plasmid-encoded genes for AADC (adc) plus CoAT (ctfA, ctfB) and BYDH (aad), respectively.
Preliminary evidence for a possible mechanism for the degeneration process of C. acetobutylicum ATCC 4259 (the Weizmann strain) has been recently presented in a letter communication (5) . This strain contains a 210-kb extrachromosomal element (pWEIZ) that carries the genes required for the final steps of acetone and butanol formation (5) and is lost in the three degenerate mutants. ATCC 4259 has been poorly studied in term of physiology and genetics, whereas ATCC 824 is now considered worldwide to be the type strain of C. acetobutylicum (16) and the model solvent-producing strain important in terms of fundamental research on strictly anaerobic bacteria. We therefore investigated the degeneration mechanism of this strain by molecular analysis of the wild-type and degenerate mutant strains (M5 and DG1). We found that mutants M5 and DG1 do not contain the genes of the solvent formation locus (sol locus, consisting of the sol operon [aad, ctfA, ctfB] and adc), which are responsible for butanol and acetone production. We further show that, like the Weizmann strain, the parent strain ATCC 824 also contains a 210-kb plasmid (pSOL1) which carries the sol locus and that neither M5 nor DG1 contains this large plasmid. We also show that M5 and DG1 can be complemented for acetone and butanol formation by expressing the corresponding genes on plasmids. The present investigation makes a compelling case for the proposed mechanism of strain degeneration in this organism, namely, that degeneration of this strain is the result of pSOL1 loss.
MATERIALS AND METHODS
Bacterial strains and plasmids. Table 1 summarizes all the bacterial strains and plasmids used in this study. C. acetobutylicum ATCC 824 was maintained as spores in synthetic medium (34) at Ϫ30°C. The spores were activated by heating at 80°C for 10 min. Recombinant clostridial strains were stored frozen in 15% (vol/vol) glycerol at Ϫ85°C or as single colonies on reinforced clostridial agar (pH 6.8) (RCA; Difco Laboratories, Detroit, Mich.). C. acetobutylicum was grown under anaerobic conditions at 37°C in 2XYTG (28), reinforced clostridial medium (RCM; Difco Laboratories), or clostridium growth medium (CGM) (31) . Recombinant C. acetobutylicum cells (carrying a plasmid with a macrolide, lincosamide, and streptogramin B resistance [MLS r ] gene) were cultured in the above media supplemented with 40 g of erythromycin per ml on plates and 100 g of erythromycin per ml in liquid culture. For the 5-liter batch fermentations, 75 g of clarithromycin per ml was used instead of erythromycin. Agar (Sigma Chemical Co., St. Louis, Mo.) at 15 g/liter was used in all plate preparations.
DNA isolation and manipulation. Agarose plugs of intact C. acetobutylicum DNA were prepared by the procedure of Wilkinson and Young (39) . Restriction endonucleases were purchased from New England Biolabs (NEB), Beverly, Mass., and used as specified by the manufacturer. Contaminating RNA was removed from all DNA preparations with RNase Plus (5 Prime 3 3 Prime Inc., Boulder, Colo.) as specified by the manufacturer.
PFGE. DNA pulsed-field gel electrophoresis (PFGE) was carried out in the contour-clamped homogeneous electric field mode with the Bio-Rad (Richmond, Calif.) apparatus (CHEF-DRII). For most experiments, a 0.5ϫ Trisborate-EDTA buffer (TBE) and a 1% (wt/vol) agarose (Bioprobe, Montreuilsous-Bois, France) gel were used. The gel was run for 20 h at 200 V (6 V/cm) with a pulse time of 18 s, the buffer temperature was stabilized at 9 to 10°C, and concatemers of lambda DNA cI857 ind1 Sam7 (NEB) were used as molecular weight standards.
DNA labeling and Southern blots. For Southern blots, the two probes on both sides of the NarI restriction site of the sol operon locus (prepared from HindIII-NarI-digested pCOAT4 and BanII-NarI-digested pDP2) (see Fig. 1 ) were purified from the agarose gel with the Geneclean II kit (Bio 101 Inc., La Jolla, Calif.) labeled by random priming with [␣-32 P]dATP (Amersham, Les Ulis, France) and purified on a Bio-Gel P10 (Bio-Rad) column. Plasmid pHXS5 (26) was nick translated (32) with [␣-32 P]dATP (NEN Research Products, Wilmington, Del.) by using a nick translation system (BRL Life Technologies Inc., Gaithersburg, Md.), and unincorporated radionucleotides were removed on a Select-D G-25 spin column (5 Prime 3 3 Prime Inc.).
Southern blotting (35) was performed as previously described (30) . PCR. DNA fragments were amplified by PCR in a 100-l reaction mixture as described previously (26) with total DNA from strains ATCC 824, M5, and DG1 as template DNA. A total of 15 cycles were performed in a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.), with each cycle consisting of denaturation at 94°C for 1 min, annealing at 40°C for 1 min, and extension at 72°C for periods depending on the lengths of the DNA fragments that were amplified (2 min 15 s for the 1,979-bp DNA fragment containing the aad promoter region and orf2; 2 min 45 s for 2,619-bp DNA fragment containing aad; and 1 min for the 975-bp DNA fragment containing adc).
DNA fragments amplified by PCR. The DNA fragment containing orf2 and the promoter region of aad was amplified by PCR with total DNA from strains ATCC 824, M5, and DG1 as templates. The upstream primer DAP-UP (5Ј-AT GGTCGGCGTGAATTCGTGAACAATTG-3Ј) and the downstream primer DAP-N (5Ј-TGCTGCCATTGCTGCAGTTCTAAAGATT-3Ј) on the complementary strand were used based on sequence information reported previously (26) .
The aad structural gene was amplified by PCR with total DNA from strains ATCC 824, M5, and DG1 as templates. To achieve this, we used two previously described primers (26) , the upstream primer PAAD-UP at the N-terminal end of aad and the downstream primer PAAD-DN on the complementary strand at the C-terminal end of aad.
The adc gene region was amplified by PCR with total DNA from strains ATCC 824, M5, and DG1 as templates. To achieve this, the upstream primer PADC-UP (5Ј-GAATTCATAAAAACACCTCCACATAAGT-3Ј) starting 240 bp upstream (29) of the N-terminal end of adc and the downstream primer PADC-DN (5Ј-T TACTTAAGATAATCATATATAACTTCA-3Ј) starting at the very C-terminal end of adc on the complementary strand were used.
Construction of plasmid pAB. The 5.9-kb plasmid pCADEX1 (26) containing the aad gene was linearized by AccI digestion and made blunt ended with the DNA polymerase I large (Klenow) fragment (NEB) as specified by the manufacturer. The 7.0-kb plasmid pFNK6 (23) was digested with PvuII, and the resulting 4.7-kb fragment, containing the ace operon (adc, ctfA, and ctfB genes), the MLS r gene, and the gram-positive origin of replication, was purified from a 0.8% LMP agarose gel (SeaPlaque GTG; FMC, Rockland, Maine). The aadcontaining fragment (5.9 kb) and the ace operon-containing fragment (4.7 kb) were ligated to yield the 10.6-kb plasmid pAB, which carries the aad and the ace operon in a convergent fashion.
Construction of plasmid pMR1. The repL gene from pIM13 (24) was introduced into pBluescript I SK (Ϫ) as a 0.9-kb ClaI-HindIII fragment to give plasmid pSC2. The kanamycin resistance cassette from pIC28 (37) was introduced into pSC2 as a 1.3-kb SmaI fragment to give plasmid pMR1. After methylation and introduction by electroporation into C. acetobutylicum DG1, pMR1 leads to resistance to kanamycin at concentrations up to 600 g/ml.
Conjugation experiment. Filter matings between C. acetobutylicum ATCC 824 (pJCace integrant on pSOL1 [10] ) and DG1 (pMR1) were performed by the procedure of Oultram et al. (28) , with donor-to-recipient ratios ranging from 1:10 to 10:1. pJCace carries the ace operon (23) and a MLS r gene. Selection for transconjugants was done on RCA plates with 40 g of erythromycin per ml and 250 g of kanamycin per ml.
RESULTS AND DISCUSSION
To investigate the molecular basis of degeneration in C. acetobutylicum ATCC 824, we have examined two distinct (25, 36) degenerate mutants of this strain. Neither mutant produces any detectable amounts of butanol or acetone, and both have been phenotypically stable since their isolation several years ago. The genes coding for the enzymes required for acetone and butanol production are clustered (7, 8, 26, 30) in the sol locus ( Fig. 1 ). To check if these genes are still present in M5 and DG1, Southern hybridizations were carried out on NcoIdigested total DNA of DG1, M5, and ATCC 824 with a probe containing orf2, aad, ctfA, ctfB, and part of adc (Fig. 1) . Hybridization signals were seen only with ATCC 824 DNA and the positive control ( Fig. 2A) . We confirmed these findings by attempting PCR amplification, from M5, DG1, and ATCC 824 DNA templates, of several DNA fragments from the sol locus: the 1,979-bp DNA fragment containing orf2 (26) (Fig. 1 ) and the aad promoter, the 2,619-bp DNA fragment containing the aad gene (Fig. 1) , and the 975-bp DNA fragment containing the adc gene (Fig. 1) . The resulting bands were visualized in a 0.8% (wt/vol) agarose gel (Fig. 2B) . Amplified fragments were detected for ATCC 824 but not for M5 or DG1. These results show that M5 and DG1 contain neither the sol operon nor the adc gene.
To investigate this loss of large DNA segments from the two degenerate strains, DNA from ATCC 824, M5, and DG1 was prepared in agarose plugs and subjected to analysis by PFGE. For unrestricted DNA preparations, below a band of sheared chromosomal DNA, an extra band that migrates at 210 kb was observed for the wild-type strain but was absent in M5 and DG1 (Fig. 3A) . This result is identical to the one observed for the Weizmann strain (5) . We therefore decided to confirm the structure and topology of this extrachromosomal element. In PFGE, migration of supercoiled plasmids is independent of the switch time, while large relaxed plasmids do not enter the gel (1). To establish the nature of the 210-kb band, the PFGE conditions (amplitude and slope of the pulse time ramp) were varied, showing that this band always migrates at 210 kb (data not shown), excluding the possibility that it corresponds to a supercoiled plasmid and ascertaining that it is linear DNA. PFGE of DNA digested by SstII, SmaI, or ApaI ( Fig. 3B and C; results are presented for the SstII and SmaI digests only) shows that the 210-kb band is of higher intensity than the band from unrestricted ATCC 824 DNA and there is no 210-kb band for either DG1 or M5. Except for this 210-kb band, the macrorestriction profiles of the three strains were identical. As large (Ͼ100-kb) relaxed circular DNA cannot enter the gel in PFGE (38) , our data show that strain ATCC 824 harbors a 210-kb plasmid, which was absent in M5 and DG1. In our DNA preparations, this plasmid was present in its relaxed circular form and not as a supercoiled form, which was either absent or below the limit of detection. The plasmid was linearized by ApaI, SmaI, and SstII. A small portion of this plasmid was linear in our uncut-DNA preparations. The 210-kb linear DNA was isolated from a preparative gel and cut in the agarose gel by SstII. After PFGE, a broad smear with an average size of 90 kb was obtained (data not shown) which indicated that the linear form of the plasmid is the result of a nonspecific cleavage (or breakage).
To confirm the presence of a plasmid in ATCC 824, we used FIG. 1. The sol operon gene locus (ca. 9.5 kb). adhE/aad codes for a bifunctional aldehyde-alcohol dehydrogenase (7, 26) . ctfA and ctfB code for the two coenzyme A transferase (7, 8, 30) subunits. adc codes for the acetoacetate decarboxylase (8, 30) . The functions of ORF1 and ORF3 have not been identified. ORF4 shows some homology to the genes encoding ␣-amylases (8) . orf2 codes for a putative repressor protein (25) . The positions of the different primers used for PCR amplification in Fig. 2B and the two probes, one on each side of the NarI site, used for mapping pSOL1 in Fig. 6 are also shown. 5 to 7) , and a 975-bp (with primers PADC-DN and PADC-UP) DNA fragment containing adc (lanes 8 to 10) was performed by PCR from ATCC 824 (lanes 2, 5, and 8), M5 (lanes 3, 6, and 9) , and DG1 (lanes 4, 7, and 10) total DNA, respectively, as templates (see Fig. 1 for oligonucleotide names) . Postamplification samples were electrophoresed in a 0.8% (wt/vol) agarose gel. DNA size markers, either BstEII digested (lane 1) or HindIII digested (lane 11), are shown alongside. several methods (3, 6, 15) described for large-plasmid extraction. However, due to the high nuclease activity of this strain, we always obtained smears after conventional electrophoresis on agarose gels. To unambiguously confirm the presence of a relaxed circular plasmid in ATCC 824, we carried out the following experiments. DNA plugs from the three strains were digested by EagI, an enzyme which does not cut the 210-kb DNA element (data not shown). In these digestions, the chromosomal DNA would be cut but the plasmid would remain circular in the plugs. PFGE was then performed on the digested plugs. Linear DNA fragments should be removed from the plugs, while the large relaxed circular plasmid should remain in the plugs. The plugs were then digested by SstII, an enzyme which cuts once and linearizes the plasmid, and analyzed by PFGE. The results, presented in Fig. 4 , show a single 210-kb band for ATCC 824 and no bands for either M5 or DG1, thus confirming the presence of a 210-kb circular plasmid in ATCC 824 and its loss in M5 and DG1.
In view of the finding that M5 and DG1 do not contain either the sol operon locus or the 210-kb plasmid, we used Southern hybridization on the gel in Fig. 3 to examine the possibility that this DNA element contains the genes of the sol operon locus. As a probe, we used the ctfA and ctfB genes (on pCOAT4) of ATCC 824 (2) . A hybridization signal was ob-tained with the 210-kb linearized plasmid form of C. acetobutylicum ATCC 824 ( Fig. 5 ), but no signal was obtained with either M5 or DG1 (Fig. 5 ). As this 210-kb plasmid carries the sol locus, it was named pSOL1. Based on the size and the genetic marker, pSOL1 should be very similar to pWEIZ (5). When the bdhA and bdhB genes were used as a probe, no hybridization signal was obtained with pSOL1, but in the three strains, the same restriction fragments gave a positive signals (data not shown), indicating that these genes are located on the chromosome.
A restriction map of pSOL1 was constructed with ApaI, SmaI, SstII, and NarI. We identified the ApaI, SmaI, and SstII restriction sites by double digestion of total ATCC 824 DNA with the ctfA and ctfB genes as probes. One NarI-cutting site was previously identified within the adc gene ( Fig. 1 ). We developed a modified indirect end-labelling-based strategy (9, 33) with NarI partial digestions and two probes, one from each side of the NarI site of the sol operon locus. Specifically, partial NarI digestions without and with a complete ApaI digestion were used to map these sites (Fig. 6A) . Some of the digestion fragments in Fig. 6A could be seen only after overexposure of the film. The results are summarized on the plasmid map (Fig.  6B ). The NarI site between the SmaI and SstII sites is cut preferentially, and partial digests of this site could rarely be obtained. It should be pointed out here that NarI partial digestions always gave hybridizing bands of a maximal size of 210 kb, in agreement with the extrachromosal location of the sol locus. Consistent with our findings, it was recently reported (39) that in ATCC 824 the cluster of genes around the sol operon ( Fig. 1 ) are carried on a SmaI or ApaI 205-kb restriction fragment, although these genes were not identified as plasmidic.
To investigate the possibility that pSOL1 was a conjugative plasmid, several matings between C. acetobutylicum ATCC 824 (pJCace integrant on pSOL1 [10] ) and DG1 (pMR1) were done. pJCace carries the ace operon (23) and a MLS r gene. Plasmid pMR1 is an E. coli-C. acetobutylicum shuttle vector that carries a Km r gene and the gram-positive replicon from pIM13. No transconjugants were obtained on RCA plates plus erythromycin and kanamycin. This cannot be explained by a problem of resistance of the transconjugants to both antibiotics, since it was possible to electrotransform C. acetobutylicum ATCC 824 (pJCace integrant on pSOL1) by pMR1 to obtain recombinant strains resistant to both antibiotics (data not shown). These results indicate that pSOL1-pJCace cannot conjugate under the conditions used in the mating experiments. Because it is not possible to isolate large amounts of intact circular pSOL1 to electrotransform C. acetobutylicum, we restored the ability of the degenerate mutants to produce acetone or butanol (separately or together) by expressing the corresponding genes (ctfA, ctfB, and adc for acetone, aad for butanol) on plasmids in M5 and DG1 ( Table 2 ). The amounts of the solvent(s) produced with the recombinant M5 and DG1 strains are not as large as those obtained with the wild-type strain, thus suggesting that other genes carried on pSOL1 might be important in solvent formation.
Bacterial plasmids have been found to carry genetic information that is typically not considered essential for survival, such as genes for antibiotic and heavy metal resistance (22) , conjugation, utilization of various substrates (21) , and degradation of compounds (19) . What is unique about the pSOL1 plasmid in C. acetobutylicum ATCC 824 is that it carries primary metabolic genes, namely, all the genes necessary for production of acetone and butanol, which phenotypically distinguish this strain from the non-solvent-producing butyric acid clostridia (which produce butyrate and acetate as their main products).
The C. acetobutylicum degeneration process typically involves a gradual decrease in the amounts of solvents produced upon serial subculturing or in continuous culture. Our findings with mutants M5 and DG1, which show that degeneration is caused by pSOL1 loss, explain the apparent characteristics of the degeneration process: segregational pSOL1 loss by all or a fraction of the cell population leads to decreased solvent production until all cells in the population lose pSOL1, in which case solvent production cannot be restored.
However, these results do not explain why cells grown in phosphate-limited continuous culture remain stable (or why pSOL1 is stably maintained in these cultures). More information regarding the genetic regulations that occur in this organism under conditions of certain substrate limitations is needed. Our study has enabled a new genetic model to be presented which explains the degeneration process in the solventogenic clostridia. The 210-kb plasmid defines a discrete region in the genome of C. acetobutylicum. The degenerated strain no longer possesses this region. Genetic tools are now available to study interactions between this plasmid and the chromosome by complementation of the degenerated strain or by gene disruption (11) . Such techniques will also enable the functional analysis of the entire sequence of the 210 kb of pSOL1, which is expected to be available soon. 
